As it has been beautifully demonstrated in synchrotron facilities, water window transmission x-ray microscopy ͑WW-TXM͒ has a great potential for high resolution three dimensional ͑3D͒ tomographic imaging of frozen cells, without the cumbersome staining and slicing preparation needed by electron microscopy. However, the existing instruments do not exactly meet the expectations of cell biologists in terms of performance and accessibility: 3D images of entire cells grown on a flat substrate with details in the 50-80 nm range are necessary for structural cell studies. Functional imaging is also a key issue. Specific molecular probes are widely used to achieve molecular imaging in optical and electron microscopy. The same demand applies to x-ray microscopy. Immediate availability of the observation technique within the biology laboratory is as important as its performance. Therefore, WW-TXM will develop on a wider scale only when table-top instruments become available. We present a detailed analysis of such a microscope. The source is clearly the key element. Laser created plasmas of carbon or nitrogen are a proven but expensive solution. Cerenkov emission in vanadium has been demonstrated as a potential monochromatic source, but we emphasize severe obstacles: huge thermal load and radiation protection. We show that oxygen K␣ line excitation by an electron beam is a realistic alternative. Being a purely monochromatic source, it would allow the use of a high efficiency mirror condenser, while laser plasmas imply spectral selection with the associated losses. We then describe the main elements of an affordable laboratory microscope, supported by numerical simulations and preliminary experimental work. We also show that functionalized quantum dots, currently used in fluorescence microscopy, are equally detectable with soft x-rays and would allow a dual modality observation. Finally, the expected performance of this prototype is discussed and confronted by the requirements of cell biology.
I. INTRODUCTION
At present, the main techniques used to investigate cellular and subcellular structures are: ͑1͒ x-ray diffraction ͑sub-Å resolution͒, to determine protein structures, 1 when they are available in a crystalline form; ͑2͒ transmission electron microscopy ͑TEM͒ ͑a few nm resolution͒, to resolve the structure of viruses, organelles, membranes…; 2 and ͑3͒ optical microscopy ͑submicron resolution͒ for morphological and functional studies at the cell level. X-ray microscopy, with a resolution of a few tens of nm, is an emerging technique that has the capability of bridging the gap between optical and electronic microscopy. Interest in x-ray microscopy in the water window ͑between the carbon and the oxygen K edges, 284-543 eV͒ was recognized years ago, 4, 5 and spectacular experimental results have already been obtained in several synchrotron radiation facilities. [6] [7] [8] Full field transmission x-ray microscopy ͑TXM͒ and scanning transmission x-ray microscopy ͑STXM͒ 9, 10 have been achieved. Biology inherently relies on immediate access to the various observation instruments, which is incompatible with the operation mode of a synchrotron facility. So, laboratory based instruments are a prerequisite for the development of this technique to a larger scale. It has been demonstrated that water window transmission x-ray microscopy ͑WW-TXM͒ ͑1͒ Is the current technology capable of meeting the needs of cell imaging? ͑2͒ Is the demand for laboratory WW-TXM strong enough to authorize building an industrial prototype?
The purpose of this article is to present the results of this study. The requirements of cell biology are synthesized in the first part. Currently available imaging techniques are reviewed and confronted by WW-TXM. The second part deals with the design of a laboratory WW-TXM prototype for cell biology. In particular, starting from up-to-date published work, we propose some necessary upgrades in the key elements to meet the requirements of biology. We also develop a quantitative analysis of different innovative options with regard to the source and condenser.
II. THE REQUIREMENTS OF CELL BIOLOGY
To collect different viewpoints, biologists involved in electron, optical, or confocal microscopy as well as surface techniques like scanning electron microscopy ͑SEM͒ or atomic force microscopy ͑AFM͒ were interviewed.
A. Spatial resolution and three dimensional "3D… imaging
Biologists are mainly targeting phenomena inside the cell: processes at work in the organelles like mitochondria, endoplasmic reticulum, vacuoles…, or through the different membranes. This requires a resolution in the range of 20-40 nm, and even lower for DNA compaction structures such as nucleosomes ͑ϳ10 nm size͒. 13 Resolution is not only characterized as the size of a detail to be identified. It is also strongly dependent on the contrast between the detail and its surroundings. This is why contrast agents are essential.
3D imaging is another requirement of cell biology. Indeed, 2D transmission imaging of thick samples with a large depth of focus precludes high resolution, as fine details in different planes would be mixed up. This is one of the main problems in TEM imaging that shows nanometer structures in 100 nm thick slices. 2 The result is a great difficulty in the interpretation of pictures. High resolution in a thick sample only makes sense if axial information is available through 3D imaging.
B. Observation of whole adherent cells
For a better understanding of biochemical processes, it is necessary to observe whole living cells in their natural environment. Animal cells are typically 5 -20 m wide, their nucleus about one third of the cell size. An observation technique able to image whole cells in their growing medium would yield much more reliable information than after fixation, staining, and slicing. In most applications, cells should be observed on the plane substrate on which they have grown, to prevent any alteration by handling.
14 Cells suspensions in a capillary can deal with only a few cases. 7 A spectacular illustration is the study of neuron interconnections: they grow long and branching dendrites attached to the substrate of the culture. 15 Any attempt to lift them from their support turns them into an inextricable ball.
Standard cryo-electron microscopy techniques ͑grid and formvar film͒ have been transposed to thick adherent cells for STXM. 16 
C. Molecular probes
Simple morphological observation does not provide enough information. Molecular probes have been devised for many years to locate biochemical processes. They combine in a single molecule a specific ligand ͑usually some antibody͒ which binds to the target site in the cell and a compound easily detectable by fluorescence, radioactivity, and electron beam absorption. This principle works at all scales, from the whole animal down to the subcellular level.
In fluorescence microscopy, which is the most widespread technique, up to five independent probes can be used simultaneously to visualize five different processes at work. 17 Fluorescence microscopy makes it possible to observe phenomena occurring at the molecular level and to localize them with the resolution of the microscope. For example, the relative position of several genes in a chromosome can be enhanced by the appropriate probes, although a gene is much smaller than the resolution of an optical microscope.
In TEM, conjugated gold colloids are currently used for immunolabeling. It has been shown that the same probes can be localized in WW-TXM. 18, 19 Light emission of various materials such as P31 phosphor and fluorescent polystyrene spheres has been detected in STXM. 20 Quantum dots ͑QDs͒ are increasingly used in fluorescence microscopy. 21 These tiny 3 -10 nm CdS or CdSe crystals can be chemically bonded to specifically targeted molecules. The heavy atomic number makes these compounds highly absorbing for electrons so that they can be visualized in TEM. Recently, the feasibility of using streptavidinconjugated QDs as TEM tags by labeling a nuclear protein on cell sections was demonstrated and correlative fluorescence and TEM data were obtained.
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D. Time resolved studies
Being able to record the time evolution of a biological system is a strong demand. Following how and when a given protein travels in the body, in the cell, on different timescales is of utmost importance. Such a capability has been a decisive feature of confocal microscopy. TEM does not offer direct access to kinetic studies, since it is a totally destructive modality.
III. SMALLER AND SMALLER: THE PRESENT OBSERVATION TECHNIQUES AND THEIR LIMITS
A. Classic optical microscopy
There has been much interest in optical microscopy since its invention in the 17th century. The ultimate resolution was reached 100 years ago after the work of Ernst Abbe, and it is well known that the limit is set by diffraction:
where is the wavelength and NA the numerical aperture of the objective lens. For an immersion lens, if the sample is in water, the numerical aperture cannot exceed 1.3, so that in the visible spectrum, the smallest detail that can be distinguished is ϳ0.25 m. The depth of field, proportional to /NA 2 , is very small. Most biological objects have very low absorption, so that observation through a few microns of tissue is usually possible, and only a ϳ300-500 nm thick slice appears sharp in the image. However, the combined low absorption and scattering result in a poor contrast. Many methods have been devised to overcome this problem. Phase contrast and dark field emphasize minute variations of refractive index in colorless samples, but the most versatile and almost universal method is staining. Many pH-or oxidation-sensitive dyes were developed to enhance different regions of the cell with a different color. This has paved the way to molecular probes.
B. Confocal fluorescence microscopy
This recent modality takes advantage of the low absorption of most samples to produce images of ϳm thick slices in much thicker samples without perturbation by the above tissue. 23 This technique has rapidly become the workhorse of biology, thanks to its ability to exploit the fluorescence of molecular probes with a lateral resolution down to 200 nm. Details smaller than the resolution become visible ͑identifi-cation at the molecular level͒, but not separated ͑localized with the resolution of the microscope͒.
Although it involves very high levels of illumination, this technique is relatively harmless and allows dynamic observation of living cells. Nevertheless, the limits of confocal microscopy are similar to those of conventional optical microscopy: the resolution is limited by diffraction ͓see Eq. ͑1͔͒.
C. Transmission electron microscopy and electron tomography
TEM was introduced in biology in the 1950s and has become an invaluable tool for viewing the internal structure of cells.
2 The low penetration of electrons in matter restricts its use to 50-100 nm thin slices with standard microscopes using ϳ100 keV electrons. Consequently, the sample preparation is extremely cumbersome, with a high risk of alteration: proteins should be polymerized by formaldehyde derivatives; the sample must be dehydrated before inclusion in a resin and stained with osmium tetroxide or uranyl salts to enhance the natural contrast which is very poor. The succession of preparation steps is not only time consuming, but is also a source of artifacts. On the other hand, once the samples have been fixed, dried, and embedded in a resin, they can be stored almost indefinitely for further observation.
More recently, the techniques of flash freezing 24 and cryosection have become available, which permits observation of cells in their natural medium. 25 Biochemical probes based on colloidal gold beads and antibodies are available, but are not as versatile as in confocal microscopy.
Electron tomography was suggested as early as 1968, but relevant results did not appear before the late 1990s. Tilt stages for cryosamples, rotating over ±60°or 70°are now offered by several manufacturers. When combined with very high voltage for increased penetration, they have made it possible to collect many projections and compute 3D images like in medical computed tomography. 26, 27 A 400 kV accelerating voltage allows ϳ0.5 m thick tomographic images with 5 -10 nm lateral resolution, and sections up to 4 m have been employed with a 3 MeV microscope.
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D. New techniques
microscopy
29 is an improvement of the confocal design that permits axial optical slicing down to less than 100 nm. The lateral resolution remains unchanged. Several near field microscopy techniques such as scanning near-field optical microscopy, 30 and AFM, 31 offer spectacular lateral resolution, but are inherently limited to surface morphology.
IV. THE BENEFITS OF X-RAY MICROSCOPY IN THE WATER WINDOW
A. Why the water window?
Natural contrast
Between the K edges of carbon ͑284 eV, 4.37 nm͒, and oxygen ͑543 eV, 2.28 nm͒, the natural contrast between water ͑growing medium͒ and carbon rich tissues ͑proteins, lipids͒ is quite strong, as shown in Fig. 1 , which displays the difference in transmission when 100 nm of water is replaced with 100 nm of carbonaceous compounds. Depending on the FIG. 1. Differential transmission of a 100 nm layer of average proteins ͑34 at. % C, 50% H, 8% O, 8% N͒, lipids ͑32 at. % C, 64% H, 4% O͒, carbohydrates ͑25 at. % C, 50% H, 25% O͒, replacing the same thickness of water: e.g. @400 eV, a 100 nm thick drop of lipid transmits 15% less than the water it replaces. The contrast between such a drop and the surrounding water will be 15%, and the attenuation length in water is 3.7 m. composition, the decrease in transmission compared to the surrounding water ͑differential contrast͒ is 5%-10% at 500 eV and 10%-20% at 350 eV.
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Penetration
The transmission of water varies rapidly with photon energy. For imaging thick samples like cells in culture, it is clearly advantageous to use the higher energies: at 500 eV, 10 m of water still transmits 30% of the radiation. The advantage of working on the high energy side of the water window is twofold:
͑1͒ more photons will be available for the image and ͑2͒ a much lower dose is deposited in the sample which reduces the risk of destruction during exposure.
As the signal to noise ratio ͑S/N͒ is the key to the identification of a detail, the lower contrast at high energy is by far balanced by the better S/N.
Absence of scattering
Furthermore, in this energy range, scattering processes ͑Compton as well as Rayleigh͒ are negligible compared to absorption, and the contrast of the in-focus plane is not degraded by scattered light from the other layers of material like in optical microscopy or even in radiography.
Depth of field
The large depth of focus of low numerical aperture x-ray lenses opens the possibility to achieve microtomography on whole cells. Furthermore, it has been shown that the chromatic aberration partially compensates for the defocus in a thick object. 32 This depth of field is the basic reason for the development of WW-TXM, which matches the demand for whole cell 3D imaging.
Element mapping
If a tunable source can be made, there is considerable interest in mapping potassium or calcium, which has L edges in the water window.
B. The dose issue
This is a recurrent question in all imaging techniques involving x-rays: in order to effectively use the spatial resolution, a minimum dose is required, even with a perfect detector. Details having the size of the resolution ͑r͒ will be distinguished from their environment only if their contrast is higher than photon noise. For instance, if a detail with 10% contrast is to be detected with S/N=3 ͑which corresponds to a detection probability of 80% with a 1% false alarm rate͒, this means that the photon noise in an area of ͑r͒ 2 should be less than one third of 10% of the average photon flux. In a simplified approach that neglects filtering effects, the photon noise per pixel follows Poisson statistics: photon noise/pixel = ͱ nb of ph/pixel.
͑2͒
This translates into a minimum signal of 1000 photons/ ͑r͒ 2 . Assuming a typical 10% transmission in the sample, 9000 photons are absorbed in a volume equal to ͑thickness ϫ r 2 ͒. The dose delivered to the sample is then in the range of many MGys/image ͑1 MGy= 1 kJ/ g ! ͒. This has been detailed for different configurations by Sayre et al. 33 Taking into account the reduced absorption of a detail with resolution size, in thickness as well as lateral size, they show that the minimum dose to detect features with a given absorption coefficient grows as ͑resolution͒ −4 . Such a huge dose, although much lower than in TEM, will kill or at least damage any living organism, since even thermal effects are not negligible.
Phase contrast would allow a considerable dose reduction, as it could be used at higher energy, 34, 35 but irradiation remains far above an acceptable level for repeated observations of a living cell.
Cryogenic ͑flash frozen͒ samples can withstand up to 10 10 Gy without visible change in their structure. 36, 37 Indeed, the biochemical compounds in the cell are severely altered, but as the contrast relies on atoms which cannot move in the frozen sample, nothing appears in the image 38 contrary to optical microscopy where the contrast depends on fragile molecular bonds that may be photobleached. Thus, there is no hope of repeating observations on the same sample, whatever the time interval. As with TEM, time resolved studies should rely on the observation of multiple samples at different stages.
C. Scanning or full field?
STXM has proved to have very attractive modalities such as chemical mapping in the sample by x-ray near edge spectroscopy 37 and tomography. 16 Synchrotron beamlines are the best source for STXM, as the beam is in general nearly coherent. It can therefore be tightly focused without excessive losses, and its energy may be tuned across a wide range to selectively excite the elements of interest.
Laboratory sources are not tunable and incoherent. Given the source brightness and using the same imaging lens, the illumination in the object plane is the same in scanning and full field. Consequently, the exposure time to get a n ϫ n pixels image in scanning mode is n 2 times longer than for a full-field image. Full-field imaging is thus a better way to exploit the limited fluence from laboratory sources.
D. The experience of synchrotron facilities
Several beamlines are currently performing full field x-ray microscopy in the water window at Bessy ͑Germany͒, at ALS ͑XM-1 Berkeley, California͒, and Aarhus ͑Denmark͒. Several other soft x-ray microscopes are under construction or planned: XM-2 at ALS, SAGA in Japan, Diamond in the U.K., the TwinMic project at Elettra in Italy, and Soleil in France.
They have clearly demonstrated interest in the technique for biology and explored the experimental problems in optics, tomography, sample handling, dose effects, etc. Resolution of ϳ25 nm has been obtained in transmission and ϳ60 nm in tomography. Superb 3D reconstructed images of frozen cells have been published. 6, 7 So far, few systematic biology studies have been performed at synchrotron facilities: the obligation of long term planning, of transferring the samples from the biology laboratory to the beamline, is a strong limitation to the routine use of synchrotron based instruments.
E. WW-TXM in the laboratory
The synchrotron beamlines are a prerequisite in the development of the technique, but WW-TXM will diffuse only when instruments become available inside the biology laboratory, together with all the other means of observation and analysis.
3D imaging is the driving force, as the 10 m penetration of x-rays in wet media lends itself to tomography, but it is useful to emphasize that the quests for resolution and 3D imaging are conflicting for many reasons.
Depth of focus
Unlike optical instruments, x-ray microscopes rely on low numerical aperture ͑NA͒ objective lenses. Consequently, the depth of focus ͑DoF͒ is 10-100 times larger than resolution ͑DoFϳ NA 2 ͒. Diffraction limited optics of NA= 0.06 are now achieved, which sets the resolution in the range of 20 nm, 39 together with a depth of focus below 1 m, but images of thick samples become complex and hard to interpret.
In a 3D tomographic setup, the size of the object should be limited to the roughly cylindrical part of the beams, for instance between ±1.4 times the waist ͑Rayleigh length͒. The resolution that can actually be obtained is plotted as a function of the Rayleigh length in Fig. 2 .
If the highest possible resolution is desired, the small depth of field will combine with the mechanical imperfections and misalignment of the rotating stage to degrade the image quality: the region of interest will randomly move with respect to the plane of best focus during the rotation. Image recentering and refocusing using fiducials or image to image correlation can be used as in electron tomography, but cannot increase the depth of focus.
Flux
Increasing the resolution implies more photons per unit area. This requires focusing the flux from the source onto a smaller object field by a larger aperture condenser: for a given source brightness, the number of photons/pixel is preserved, assuming a higher aperture condenser can be made with the same efficiency, such as in optical microscopy. This is obviously an optimistic view, since increasing the aperture of the optics is far from a simple question in the x-ray spectral range. A longer exposure would be needed to make up for the increased losses of a higher aperture condenser.
Spectral width
For diffractive lenses, the spectral width should vary like 1/NA 2 , i.e., like ͑resolution͒ 2 . Finally, the spectral brightness of the source needed to maintain a constant image quality grows as 1 / r n , n being between 2 ͑ideal case with only spectral width limitation͒ and 4 ͑worst case where no additional flux is gained by an increased aperture͒. Synchrotron sources allow the selection of a narrow bandwidth while keeping a high flux, but in a laboratory instrument, the spectral width of the source is generally not an adjustable parameter.
Dose
In order to maintain the same image quality, we have emphasized in Sec. IV B. that the dose delivered to the sample must grow as ͑resolution͒ −4 . This may lead to the destruction of the sample.
For all the above reasons, we conclude that laboratory WW-TXM is best suited to provide 3D images at moderate resolution ͑50-100 nm͒ of 5-10 m thick flash-frozen samples.
This is the turning point of WW-TXM: diffraction compels us to trade resolution against sample thickness, and only years of practice will decide whether such a compromise is eventually worthwhile.
The tomographic images of saccharomyces cerevisiae in Ref. 7 are in good agreement with this rationale illustrated in Fig. 2 , as the resolution is claimed to be 60 nm for a 5 m cell.
Attempting to reach the ultimate resolution with a laboratory instrument would result in exceedingly long exposures. However, 3D images would no longer be possible on whole cells, and the resolution in 2D images would remain far from what is provided by TEM, which will continue to be the only high resolution technique for a long time. Table I displays the compared absorptions of different compounds in the water window, calculated with the CXRO x-ray calculator. 40 These values show that 5 -10 nm QD or rare earth nanocrystals, with the appropriate label, 41 are detectable in soft x-ray images, since a few nanocrystals per voxel result in ϳ10% absorption, well above the photon noise.
V. MOLECULAR PROBES
These probes are observable in epifluorescence or confocal microscopy as well as in WW-TXM, thus allowing concurrent observation of the same sample with both modalities. FIG . 2. Average diffraction limited resolution at 500 eV ͑ = 2.48 nm͒, attainable in 3D tomographic images as a function of sample thickness. We suggest using these probes in a dual mode, wide field fluorescence microscopy being used to rapidly locate the places of interest in the sample, which will then be observed in detail and in 3D by x-ray tomography, with longer multiple exposures.
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VI. THE ELEMENTS OF A LABORATORY X-RAY MICROSCOPE AND THEIR FEASIBILITY
For many years, Hertz and his group at the Royal Technology Institute in Stockholm ͑KTH͒ have strived to develop a laboratory instrument. They have identified the main problems 11 at all levels: source, condenser, zone plates, and image restoration. Our analysis encompasses many of their results, but we focused our efforts on solutions that will hopefully lead to an instrument affordable to the biology laboratories.
It is also worth noting that a commercial x-ray transmission microscope is now available. 42 A rotating anode generator delivers the 5.4 keV Cr K␣ line, and the 20 m object field is imaged by a microzone plate ͑ZP͒ on a charge coupled device ͑CCD͒ detector. This energy range is best fitted to microelectronics rather than to biology, but this demonstrates that an affordable table-top instrument is feasible.
A. The key parameters
The background in soft x-rays
Originally, we expected a strong synergy between the efforts devoted to the generation and transport of x-rays at 13.5 nm ͑92 eV͒ for extreme ultraviolet ͑XUV͒ microlithography 43 and the needs of WW-TXM. Unfortunately, neither the source nor the optics might be simply derived from the XUV lithography systems, because of basic differences. ͓͑1͒ XUV lithography demands a huge average power, but is not much concerned about focusing the beam onto a very small area, neither with high monochromaticity: ͑2͒ the emission mechanisms are quite different at 92 and at 500 eV and ͑3͒ high reflectivity multilayers at quasinormal incidence no longer work at 500 eV.͔
The spectral brightness
Cell biology will guide the optimization of the laboratory microscope. Diffractive optics being the only option for the objective, the radiation should be monochromatic. The acceptable spectral width is determined by the chromatic aberration of the ZP, typically / ⌬ ϳ 200 at low resolution, up to 1000 at high resolution. 44 A good quality image requires a large number of photons, for instance 1000 photons/ pixel on a 1 Mpixel detector to get decent signal to photon noise ratio ͓see Eq. ͑2͔͒. Around 10 9 detected photons/image are therefore a minimum value. The pixel size should be selected small enough to preserve the resolution of the optical system. It should be less than ͑resolutionϫ magnification͒ to provide some oversampling margin, e.g., 24 m if the resolution is 50 nm and the magnification is 700ϫ.
The energy of x-rays should be as high as possible in the water window for a better sample transmission and contrast.
Finally, the object should be illuminated with a solid angle at least equal to that covered by the objective lens.
The above demand for a high quality image therefore translates into two very stringent criteria on the sourcecondenser set up:
͑1͒ Average power. The source condenser should obviously provide the appropriate number of photons: at least 10 11 photons/exposure on the sample, to account for a 10% transmitting objective and 10% transmitting object. This is already quite a large value ͑ϳ10 J͒.
͑2͒ Spectral brightness. Following the conservation of optical throughput, this requirement does not depend on the size of the source: If the source is large, a higher demagnification will be needed to cover the object, and the collection angle will be accordingly smaller. This is why a small source is preferable: once the brightness criterion is met, the total power of the source grows as ͑size͒ 2 for a planar source, and even worse as ͑size͒ 3 for a volume source. Assuming classic values for objective lens efficiency ͑5%-10%͒, object transmission ͑5%-20%͒, condenser efficiency ͑5%͒, it is easy to calculate the necessary average spectral brightness of the source, which should be in the 10 10 photons/ s mm 2 mrad 2 0.1% bandwidth for exposure times of a few seconds.
B. Different sources
Discharge sources
The principle is a nanosecond high intensity discharge in a low pressure gas. Their relatively simple design together with the high average power that can be delivered make these sources very attractive for microlithography. Reliability and plug efficiency are quite satisfying, but the size of the emitting discharge is typically 1 2 mm, and despite the impressive average power ͑ϳ1 W of XUV @100 Hz͒ the spectral brightness is only in the range of a few 10 8 photons/ s mm 2 mrad 2 0.1% bandwidth in the 13 nm region. Extending such sources to the water window is questionable, as the conversion efficiency at 2.5 nm is expected to be much lower than at 13 nm, very far from the requirements of WW-TXM. Even running such a source at several kHz would not sufficiently increase the average brightness. 45 Furthermore, debris from such discharges are not negligible. 2 -1s2p look the most attractive, and have been investigated in detail. 46, 47 The lines relative intensities follow the relative abundance of N VI and N VII , which depend on the plasma parameters ͑T, duration, size…͒. Unfortunately, the 500 eV N VII line is very close to the N VI 1s 2 -1s3p at 498 eV, and would be difficult to isolate. They would more likely be seen as a single broad line.
The laser wavelength, pulse energy, and duration require optimization:
͑1͒ Subnanosecond pulses heat the plasma to an extremely high temperature, which results in huge energy losses by hydrodynamic forces created by the density gradient.
͑2͒ With pulses longer than ϳ10 ns, the blackbody radiation losses tend to counterbalance laser heating.
The most efficient pulse length for 500 eV emission is 1 -3 ns. Short laser wavelengths are more efficient at heating the plasma, but usually produced by second harmonic generation, with approximately 50% conversion efficiency, which cancels the benefit of a shorter wavelength. The remaining advantage of a frequency doubled laser is the cleaner shape ͑no prepulse͒ and absence of optical feedback from the plasma to the laser amplifiers.
The spectral purity of the plasma emission is a great concern. Measuring / ⌬ is most often limited by the resolution of spectrometers. It is ϳ200-500, but values up to 1000 have been measured. 48 Further spectral selection is mandatory to eliminate other lines and the weak broadband background. This is an additional source of severe losses, especially when performed with multilayer mirrors, due to their poor reflectivity.
The plasma size results from a tradeoff: laser focusing should be as tight as possible to increase the power density on the target, but at a given temperature, the emission is proportional to the volume of the plasma. It should also take into account the condenser optics which images the plasma onto the object. A 20 m plasma looks like a good compromise. 49 According to the literature, the overall conversion efficiency from laser power to a single line x-ray is in between This value can be brought into the desired range by using a high repetition rate laser. The source in the above reference was a 100 Hz flashlamp pumped laser. Diode pumped solid state lasers can now deliver similar pulses at 1 kHz. A 532 nm, 1 -3 ns, 50-100 mJ, 300-1000 Hz laser would be appropriate for a liquid nitrogen plasma source.
Debris is a major problem with laser created plasmas. Solid targets should be avoided, as a large amount of matter is ablated and is eventually deposited on all surfaces around. Hydrocarbon liquid targets also release carbon and polymers. Liquid nitrogen is certainly the cleanest option. 47 The only expected damage is the projection of fast microdroplets, solid nitrogen, or even neutral atoms on the optical surfaces.
Laser created plasmas can offer the necessary brightness, and would benefit from the considerable effort dedicated to similar sources for microlithography. However, the obligation to include some spectral selection, with the incidental losses, is a serious drawback. Furthermore, the price and complexity will restrict the use of such systems.
Cerenkov effect source
The principle of Cerenkov emission in the soft x-ray region was suggested by Bazylev. 50 For some materials, the real part of the index sharply peaks at the energy of edges, and slightly exceeds 1 in the very narrow range of the edge. A relativistic particle traveling in such a material will emit a cone of Cerenkov radiation only in this narrow band. The angle of the cone, centered upon the particle trajectory, is defined by the peak value of the index and the particle velocity.
An interesting demonstration of the feasibility of a WW source was recently provided by sending the 10 MeV electrons from a medical LINAC onto 10 m foils of titanium and vanadium which have L edges at 453 and 512 eV, respectively. 51 The ϳ1.5 eV wide emission occurs within a ±70 mrad cone, which perfectly matches the demand of x-ray optics, without any debris. As a medical LINAC is in the same price range as a powerful laser system, a Cerenkov source could be an alternative to the laser created plasma.
Extrapolation from the published results 52 suggests that the target brightness of 10 10 photons/ s mm 2 mrad 2 0.1% bandwidth could be reached by a 0.2 mA, 10 MV beam focused on a 100 m spot on a Ͻ1 m thick vanadium layer.
Finite element thermal simulations were performed for what seemed to be the best case as a Cerenkov source target, to avoid heat overload ͑data not shown͒. The best compromise seems to be a 1 m V coating on a 50 or 100 m Be window, LN 2 cooled, to benefit from the huge diffusivity of Be: 40 cm 2 /s. Unfortunately, the emission of LINACs usually consist of s pulses at a low repetition rate, which results in a peak power about 1000 times the average value, so that the temperature rise in a single pulse far exceeds the melting point of the target. Thus, despite the major advantages of a Cerenkov source ͑no debris, appropriate energy, / ⌬, and angular aperture͒, it now seems difficult to meet the brightness requirement of WW-TXM.
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In addition, the radiation protection for the MeV brehmstrahlung from the beam dump and from the target would be a serious problem.
K␣ emission by electronic excitation
K␣ lines of elements are routinely obtained in x-ray tubes by exciting electrons from the K shell of the target with a high voltage electron beam. This is the classic x-ray tube. The K␣ line of oxygen would definitely be a good choice, as it is by nature located below the upper limit of the water window. We decided to investigate this approach more deeply.
The K fluorescence yield of light elements is poor: ϳ2% for oxygen ͑most recombinations are nonradiative Auger͒ compared to almost 100% for the heavy elements used in conventional tubes. On the other hand, brehmstrahlung, which is responsible for the wideband emission in medical x-ray tubes, becomes very weak on light elements and with low energy incident electrons. It would not be a great concern in this case.
The linewidth is dependent on the interactions between the electrons of the oxygen atom and its environment. It is typically 2 -3 eV. 53, 54 This is rather large and would not permit high resolution microscopy, but as a single line is emitted, a nonselective condenser could be used which could greatly improve the collection of radiation. An attractive concept was described by Buijsse, 55 who achieved a brightness of 9 · 10 8 photons/ s mm 2 mrad 2 with / ⌬ = 144 by focusing a 60 A, 10 kV electron beam onto a 10 m water jet in a vacuum. Such a value is far below the requirement, but was obtained with a very low beam power. Scaling up this concept is hindered by the maximum heat load on the jet, which becomes unstable when boiling occurs.
We have established that a solid target with high oxygen content might allow increasing the beam power up to the point where an acceptable brightness is reached:
The other elements in the compound should be light to prevent self absorption, L lines, and brehmstrahlung emission. Figure 3 displays the absorption coefficients of the first elements in a condensed phase at 525 eV. From these values it appears that Li 2 O, BeO, B 2 O 3 , MgO, Al 2 O 3 , and their mixtures or compounds are good candidates. Cr 2 O 3 , which has excellent thermal stability and is electrically conductive, also deserves attention. Its transmission at 525 eV is still high, while the L lines of Cr would be strongly self absorbed.
The efficiency of K␣ line production in a solid target was studied long ago by Green and Cosslett. 56 An empirical formula gives N /4, the number of K␣ quanta per steradian per incident electron:
where A͑Z͒ is an element-dependent constant ͑ϳ6·10 −6 for oxygen͒, and U 0 is the ratio of the electron energy to the K shell energy ͑543 eV for oxygen͒.
According to this work, a 10 kV 10 mA beam focused on a pure oxygen target would produce 4 · 10 13 photons/ s sr. With a 25 m focal spot, this would result in a brightness of 10 11 photons/ s mm 2 mrad 2 . The mechanisms of K␣ emission in a compound are more complex, but one can expect a brightness in the range of the target value, as pointed out by Buijsse. We performed some preliminary low-current measurements that strongly support this solution. the spectrum of a BeO target hit by the 100 pA, 20 kV electron beam, recorded with a Si:Li detector. The spectral resolution is not significant ͓full width half maximum ͑FWHM͒ϳ50 eV @500 eV͔, but the relevant point is that most of the energy is actually concentrated in the 525 eV line, although the quantum efficiency of the detector is only 8% at 525 eV, compared to Ͼ50% above 1 keV ͑including the window and dead layers͒. In addition, the low intensity brehmstrahlung would be suppressed by reflection on a mirror, as shown by the reflectivity of nickel under 4°grazing incidence, superimposed on the spectrum of Fig. 4 . We calculated a conversion of 9 · 10 −5 photon/electron at 20 kV, in good agreement with Buijsse's value of 7 · 10 −5 photons/ electron at 10 kV on H 2 O.
According to a previous work, 57 the spectral width of the O K␣ line in BeO is exceptionnaly narrow: 1.2 eV, i.e., / ⌬ Ͼ 400. Further work is in progress to test a configuration able to withstand the ϳ200 W beam ͑10 mA, 20 kV͒ focused on 20 m, and check the linewidth.
Coherent sources
The above sources are incoherent. A coherent source would allow phase contrast imaging with a much lower dose. It is not clear then if the water window is still the most suitable spectral region. 35 Conversely, coherent illumination used in a synchrotron based instrument often turns out to be a drawback, since it becomes difficult to illuminate a broad field of view while preserving the necessary aperture. This is why stitching small fields of view is usually needed to cover a wider area. At present, there are very few prospects for x-ray lasers in the 500 eV range, so that coherent sources cannot be presently envisaged for a laboratory instrument. High harmonics of terawatt lasers have reached the soft x-ray domain, but the average power and monochromaticity are far from the requirements. 58 
Other sources
Table-top synchrotrons have been considered as potential sources of soft x-rays for microlithography. Betatrons, widely used in radiotherapy, 59 could also be used as a source of multipass MeV electrons for a Cerenkov setup. None of these systems is mature enough to be the basis of a laboratory soft x-ray microscope.
Conclusion on sources
The laser created plasma source is proven and technically feasible, but very expensive and requires spectral selection. The Cerenkov source can be considered, but has many drawbacks.
After the theoretical analysis detailed above, and the preliminary experimental measurements, we are convinced that the electron beam excited K␣ emission of oxygen provides the best cost/efficiency tradeoff for a table-top microscope. It is more affordable than a high repetition rate high power laser, is free of debris, and does not require spectral selection, which ushers new and more efficient options for the condenser.
C. Condenser
In the present designs, the collecting optics is a tremendous source of losses. It is impossible to make refractive lenses, and multilayer mirrors in the water window have poor reflectivity. There is little hope to reach a good reflectivity at quasinormal incidence such as in microlithography at 13 nm, for two reasons:
͑i͒ The low upper theoretical values of reflectivity, usually in the 10%-15% ͑very small differences in refractive index of materials implying a large number of layers, and strong absorption that limits the number of useful layers͒ 60 and ͑ii͒ extreme demands in the realization ͑0.6 nm thick layers with much better uniformity and roughness across the whole area͒.
The classic Köhler layout that provides simultaneous uniform illumination and aperture control seems at present impossible to achieve with x-rays. Only the simple but imperfect principle of imaging the source onto the object can be envisaged. The condenser should thus have a NA slightly larger than the objective lens in order to fill the whole solid angle covered by the lens from any point in the object field. For instance, with a 25 m object field and a 50 m, 500 m focal length ͑commonly said to have an F / 10 aperture͒ ZP objective, an F / 8 condenser ͑e.g., a 10 mm ZP with 80 mm focal length͒ is desirable to fill the aperture of the objective from the edges of the object field.
Mirror condenser
As the oxygen K␣ line source does not require spectral selection, we investigated bulk metal mirrors. The critical angle in the water window energy range is a few degrees for most materials. Therefore, it is possible to use grazing incidence optics to benefit from the high reflectivity that can be achieved. In particular, Ni and Co surfaces with 1 nm ͑root mean square͒ roughness still have a reflectivity larger than 60% @500 eV for grazing incidences below 4°.
On the other hand, ellipsoidal mirrors have been known to be stigmatic between their foci for centuries, and have been mentioned in many designs for x-ray collection. 61 Yet, it is often overlooked that ellipsoidal mirrors have huge off-axis aberrations that make them totally inappropriate for imaging, 62 even for a very small source: the magnification varies from 1 when the rays follow a symmetric path between the foci to very large or very small values for rays hitting the mirror far from its plane of symmetry. Consequently, if a long portion of ellipsoid is used to collect light over a large aperture, the light from the source is spread over a broad area.
It was not certain that an achievable shape could be found that would combine Ͻ4°incidence, reasonable dimensions, and F /8 to F / 15 aperture within the limits of the present technology.
We explored numerically how a portion of ellipsoidal mirror would focus the rays from a source, taking into account the source size and emission profile, the solid angle of collection, the variation of Ni reflectivity with incidence, aberrations, and various slope errors achievable according to the present technology of replication by electroforming. 63 We found a range of sizes and ellipticities that meets the expectations. For instance, a 110 mm long portion of a nickel "prolate spheroid" with 400 and 25 mm axes, according to the layout of Fig. 5 , is an achievable shape that meets the demand with an F / 8 aperture. Figure 6 displays the encircled energy in the focal plane of this layout for a 20 m FWHM source with a Gaussian radial brightness.
According to this plot, a realistic mirror with a slope error of 20 rad would focus 4 · 10 −4 of the total emission of the source in a 30 m circle, which is more than ten times the efficiency of the multilayer mirrors described in previous papers. 64 It is worth noting that only ϳ5% of the light entering the mirror is actually focused onto the object, instead of the 60% one would expect if aberrations were negligible.
Such collecting optics obviously have a central occultation, F / 17 in this case. This occultation is not a serious drawback, as it is less than a quarter of the solid angle of a full F / 8 cone. The effect of the central occultation in the image is just a reduction of the weight of low spatial frequencies. In other words, the missing central cone results in a slight loss of light and in some contour enhancement.
The optimal mirror size is reached when the combination of the aberrations and the deviation from the ideal shape is roughly equal to the geometrical image of the source. It is therefore highly dependent on the realization technique. If the appropriate ellipsoid can be achieved with lower grazing incidence, alternative materials can be used: silica or glasses are suitable for Ͻ2°incidence. Such mirrors have almost no spectral selectivity, and can be used only with single line sources. Nevertheless, they will efficiently filter out multikeV radiation thanks to the sharp reflectivity cut off, as shown in Fig. 4. 
Condenser zone plate
Zone plate condensers are used in synchrotron based microscopes, as they are well suited to the highly collimated beam from an insertion device. Like all diffractive optics, they exhibit a strong chromatism ͑the focal length is proportional to 1 / ͒. A pinhole located close to the object can thus provide a coarse but simple and efficient spectral filtering, 65 at the expense of the field of view, which cannot exceed the diameter of the pinhole. An off-axis design that spatially spreads the spectrum provides even better energy selection. 66 The efficiency of zone plate condensers is in the range of ϳ10%, but they have a large central occultation, so that the combined focusing efficiency and solid angle acceptance is rather weak, hardly exceeding 10 −6 . Despite its low collection efficiency, the spectral filtering capability makes the condenser zone plate a valuable option with multiline sources.
Polycapillaries
Polycapillaries, also known as Khumakov optics, are an attractive means of focusing the radiation from a source onto a sample. 67 Although they have been used for oxygen and nitrogen K␣ lines, 68 they perform better with multi-keV x-rays. In the water window, the focal spot is typically ten times larger than needed and the obtained brightness is still orders of magnitude below our target value.
Conclusion on condensers
The selection of the condenser is closely related to the nature of the source. With a laser created plasma, the condenser zone plate is at present the right choice, because it allows a single line to be isolated. With a monochromatic source such as the Cerenkov or the K␣ line source, we have shown that the Ni mirror would allow a much better collection.
Furthermore, the mirror condensers are less difficult to set up than a ZP, because the visible-infrared ͑IR͒ radiation from the source might be used for coarse alignment. For instance, a wave front sensor that provides an error signal would be a great help to perform the alignment.
D. Sample environment
Capillary
Placing the sample in a thin wall capillary is obviously the simplest method. The capillary is easily flash frozen. It lends itself to 180°tomography, using gold microballs as fiducials for images registration. This was beautifully demonstrated by Schneider 69 and Larabell. 
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Adam, Moy, and Susini Rev. Sci. Instrum. 76, 091301 ͑2005͒ in the nutrient liquid. As already mentioned above, cell biology most often deals with tissues grown on a flat surface.
Flat substrate
With the appropriate surface preparation, cells can be cultured on commercially available 50-100 nm thick, millimeter sized Si 3 N 4 membranes, 70 strong enough to be safely handled, but with 60%-80% transmission at 500 eV. SiO 2 could be a better choice, as it is far more transparent, and would therefore allow much thicker membranes ͑transmis-sion of a 250 nm SiO 2 film at 500 eV is still 75%͒.
The technique for flash freezing 25 ͑or preferably high pressure freezing 71 ͒ fragments of tissue and transferring them into the microscope, in a rocking cryogenic sample holder, has been developed for electron tomography.
Such cryogenic stages and the associated technology would also be convenient for WW-TXM, as the constraints of vacuum and beam path are very similar.
Cells could also be sandwiched between two such windows, to avoid contact with the microscope vacuum. 
Sample positioning
Many samples are much larger than the field of view of the microscope. Exploration of the whole sample with x-rays will be impractical, because of the fixed magnification and long exposure time. It is therefore mandatory to provide a different modality for sample survey and centering on the area of interest. As quantum dots and other nanocrystals are detectable with x-rays, fluorescence microscopy would permit a visual examination of the immunolabeled sample, and identification of the best places prior to the acquisition of a tomographic sequence. The high NA and long working distance of microscope lenses make it possible to combine the two observation modalities on the same sample stage without sample transfer. Optical and x-ray images of exactly the same sample could therefore be acquired, which would allow x-ray and fluorescence data to be merged for an easier interpretation of the image.
E. Objective lens
X-ray refractive lenses have recently been demonstrated, but their transmission is extremely low in the water window. Schwartzchild mirror optics with resolution in the tens of nm have been extensively studied and achieved for microlithography, but the lack of multilayers with a decent reflection coefficient precludes the extension of this principle to the water window.
Fresnel microzone plates ͑ZP͒ are the only option in the water window. 44 They are becoming commercially available.
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Phase ZP can theoretically boost the focusing efficiency by up to 40% by using transparent phase shifting rings instead of opaque rings. When the material has a significant absorption, the optimal phase shift is not exactly , but depends on the ratio of the imaginary part to the real part ␦ of the refractive index. 74 In the water window, this has been achieved by 160 nm thick nickel rings for 367 eV radiation. 75 Nickel is a very good tradeoff, because its ␦ value is quite high at 367 eV, while its / ␦ ratio of 0.3 sets the optimal phase shift to 0.85. At the higher energy of the oxygen K␣ line, the ␦ value of Ni is lower and the optimal phase shifting thickness becomes 250 nm, which makes the realization even more difficult. The theoretical focusing efficiency is ϳ20%, with ϳ10% undiffracted radiation.
Oxygen-rich compounds with inherently low absorption at 525 eV, such as SiO 2 , are possible alternative materials for the ZP. Its / ␦ value gives SiO 2 a slight edge on nickel, as the upper limit of focusing efficiency rises to ϳ27% with only 5% undiffracted beam, but the optimal thickness increases to 900 nm. Such a thickness may still be possible for medium resolution lenses, given the more advanced technology of SiO 2 deep reactive ion etching that allows amazing aspect ratios.
Following the rationale detailed in Sec. IV E, the zone plate should not have too large a numerical aperture, but rather aim at a 50-80 nm resolution to keep a large depth of focus. The outer rings should be ϳ50 nm wide, which is now well mastered by several laboratories, and might be obtained by replication using nanoimprint.
76
F. Imaging detector
Direct detection in a backside illuminated CCD ͑BI-CCD͒ is the proven method in the soft x-ray range. It is virtually noise free, and offers single photon sensitivity. However, the high conversion factor ͑Ͼ100 electrons/x-ray quantum͒ limits the dynamic range to a few thousand x-ray photons/pixel, according to the full well capacity of CCDs, typically 1-3·10 5 electrons. The 2D point spread function ͑PSF͒ ͑which is commonly quoted as a measure of the spatial resolution͒ of a BI-CCD is very close to the pixel of the CCD: the cloud of electrons resulting from the absorption of an x-ray quantum in silicon is quite small, so that all the electrons created by one x-ray quantum fall into one single pixel.
Surprisingly, such a PSF has a detrimental effect on the signal to noise ratio in the image. 77 The laws of sampling state that in a digital image with pixel size a, a signal should not contain spatial frequencies above 1 / 2a.
For a well designed system, this is true for signal, as the pixel is chosen so that a Ͻ ͑resolutionϫ magnification͒. Conversely, the quantum noise of the x-ray flux ͑ ͱ number of phonons/ pixel͒ is white and contains all spatial frequencies. Signal as well as noise frequency components are multiplied by the modulation transfer function ͑MTF͒ ͑also a factor of merit that expresses the spatial resolution͒ of the pixel ͓sin͑a͒ / a͔, and then piled up in the 0-1 / 2a interval. Since ͐ 0 ϱ ͓sin͑a͒ / a͔d =1/2a, the whole noise power appears without attenuation, while signal frequencies are attenuated by sin͑a͒ / a. This is known as noise aliasing, which results from a nonzero MTF above 1 / 2a, normally prohibited by the laws of sampling. The S/N ratio is therefore degraded by 2 / = 0.64 at the Nyquist limit of =1/2a.
Indirect detection via a thin phosphor layer coating on a front illuminated CCD also needs to be considered. The ideal conversion factor from x-rays to electrons should be such that the read noise is slightly less than the average signal per x-ray photon ͑equivalent read noise ϳ1 x-ray quantum͒. The dynamic range would thus be increased close to the intrinsic value of the CCD, and the PSF of the phosphor layer, with a FWHM close to the pixel size, would equally smooth signal and quantum noise at high spatial frequencies, leaving an unchanged signal to noise ratio up to the Nyquist limit.
A fiber optics faceplate could be used between the phosphor and the CCD to protect it from radiation damage without impairing the resolution.
VII. DISCUSSION
A. Expected performance of this laboratory WW-TXM
According to the experience drawn from the laboratory WW-TXM built by Hertz, after strengthening our analysis with computations and measurements, and following numerous discussions with cell biologists, it is now feasible to design a prototype meeting most of their expectations, namely:
͑1͒ Resolution between 50 and 80 nm, at 525 eV. This might look somehow larger than desired, but we have detailed the reasons why a smaller value seems inappropriate. ͑2͒ Exposure times in the range of 10 s for standard samples. ͑3͒ Observation of whole frozen cells grown on thin membranes. ͑4͒ 3D imaging of 5 -10 m thick objects by tomography. This is illustrated in Fig. 7 where the range of laboratory WW-TXM is compared with electron tomography, optical techniques, and x-ray micro-computer tomography ͑CT͒.
Further work is still needed to show experimental evidence that the electron beam excited K␣ line of oxygen can actually reach the target spectral brightness of more than 10 10 photons/ s mm 2 mrad 2 0.1% bandwidth, as suggested by computations and by the low current measurements.
High power lasers fired on a LN 2 jet have been demonstrated to reach the target brightness, and although an expensive solution, they would also fulfill the requirements.
B. Proposed prototype
Following the analysis detailed above, our proposed prototype, matching all the above criteria, is as follows:
͑1͒ an oxygen K␣ source; ͑2͒ a replicated nickel ellipsoidal mirror; ͑3͒ a sample holder derived from TEM, which allows flat samples to be imaged in tomographic mode; ͑4͒ an optical microscope for centering and image acquisition without sample transfer; and ͑5͒ an optimized CCD detector.
We devised a simplistic spreadsheet model based on coarse approximations to derive the requirements of the source and the overall performance for various combinations of condenser, objective zone plate, and pixel size.
The photon flux is followed throughout its path from the source down to the detector, according to the invariance of optical throughput and to the expected transmission of each element. The results are not comprehensive simulations, but just guidelines to support the basic technical choices. Table II describes a few standard cases. The total energy emitted by an isotropic source, its required spectral brightness, and linewidth are shown for several objective ZPs with numerical apertures yielding resolutions from 20 to 80 nm, and the ellipsoidal condenser matching the aperture of the ZP. The pixel size is chosen equal to about 3 / 4 the resolution and realistic values are assigned to the ZP efficiency and object absorption.
From this table, it appears that the ultimate resolution of 20-30 nm, which is reached in synchrotron facilities, would be clearly impractical in a laboratory setup: the necessary spectral purity looks presently out of reach, and the depth of field is not compatible with whole cell tomography.
The linewidth of the source is the stumbling block, as it is not a selectable parameter. There is some room for improvement by reducing the diameter of the ZP while keeping the same NA, at the expense of the object field: the minimum value of / ⌬ is proportional to the ratio of diameter to resolution D / ⌬r. As the object field scales down with the ZP, a smaller lens will accept a spectrally broader source with a narrower field of view, without change in the x-ray power.
As mentioned in Sec. IV D, reducing the aperture of the ZP decreases the number of photons collected in its solid angle, but requires larger pixels so that there is no benefit in terms of photons/pixel. In addition, very low aperture ZPs become incompatible with the central occultation of ellipsoidal mirrors and zone plates.
As expected, improving the resolution translates into a sharp increase in the demand for spectral brightness: from case 3 to case 1, reducing the resolution from 63 to 32 nm demands a four times higher spectral brightness, only to maintain a constant signal to noise ratio. An additional factor of 4 would be needed to visualize 32 nm instead of 63 nm thick objects which divides the contrast by 2.
Cases 3 and 4 seem to be good starting points. The objective lens is a 50 m 800-1000 m focal length ZP. A 1024 2 CCD covers an object field of 20-30 m. The condenser is a Ni ellipsoid collecting over an F / 10 angle ͑6·10 −4 of 4 sr͒. With these parameters, a source emitting a total of 2-3·10 14 photons/exposure with a spectral purity of / ⌬ = 200-300 would deliver a good quality image. This is within reach of an oxygen K␣ line source, which will provide the required spectral brightness of 5·10 9 photons/ s mm 2 mrad 2 in 0.1% of the bandwidth. With the current value of ϳ10 −4 emitted photon/incident 10 keV electron in a O K␣ source, this would be obtained with 30 mA in 10 s. Such a microfocus electron gun is compatible with existing technology ͑commercial microfocus guns are available with 5 mA/ 20 m focal spot͒.
C. Applications
Our survey suggests that the community of biologists is not enthusiastic about x-ray microscopy. Like with any new observation technique, the limited experience does not provide enough arguments to foster WW-TXM.
Synchrotron based instruments will have to bring evidence of the specific interest of WW-TXM. This is why the Berkeley ALS has decided a volunteer action to offer biologists training and support at the new XM-1 microscopy beamline. 78 Moreover, a National Center for X-ray Tomography is under construction specifically for cell biology at the Advanced Light Source in Berkeley, under the direction of Larabell.
78 A recent joint paper by biologists and physicists provides an excellent illustration of this effort, and confirms our analysis regarding the resolution. 79 Ulfendahl and coworkers used the XM-1 microscope at 2.4 nm ͑517 eV͒ with / ⌬ = 500, a 1100 m focal length ZP with 40 nm outermost zone and 12 nm pixel size in the image. Resolution is around 50 nm.
They display images of inner ear whole cells just fixed and sandwiched in water between two nitride membranes, compared with TEM images obtained after the classic fixation-dehydration-staining-slicing preparation. Not surprisingly, the TEM images offer a better resolution, and the author comments "If resolution were the only issue, soft x-ray microscopy would not be such an interesting alternative to electron microscopy." The real advantage lies in the ease of preparation and the absence of artifacts. This is why the prototype proposed here should be installed in a biology laboratory as soon as it is characterized. Despite its less spectacular resolution than that of synchrotron based microscopes, it will allow pioneer work by biochemists on molecular probes, and comparisons with other modalities in real life.
The water window is also an interesting spectral range for the study of organic polymers, soft matter, lipid layers, and might find yet unexplored applications in the development of composite materials. At present, it is difficult to anticipate applications in microelectronics, since the water window has no particular advantage in this field. Only after a few years of the "learning curve" will WW-TXM demonstrate its benefits in cell biology.
